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The relative silver(I) ion binding energies of 19 a-amino acids have been measured by means
of the kinetic method. In general, they are similar to the relative copper(I) ion binding energies
of corresponding amino acids although there are differences that can be accounted for by
differences in silver(I) and copper(I) chemistry. The correlation with proton basicities is
comparatively poorer. Again, the differences between silver(I) and proton binding can be
attributed to differences in silver(I) and proton chemistry. The relative silver(I) binding
energies measured are best described as relative basicities or DDG°Ag’s. The observed internal
consistency during construction of a silver(I) ion basicity ladder implies that DDS°Ag is
approximately zero except when histidine and lysine are involved. For 16 a-amino acids, their
relative silver(I) ion basicities ' relative silver(I) ion affinities or DDG°Ag ' DDH °Ag. (J Am
Soc Mass Spectrom 1998, 9, 760–766) © 1998 American Society for Mass Spectrometry
The bio-inorganic chemistry of the silver(I) ion isrich and fascinating. The silver(I) ion has longbeen used as a bactericide in the form of eye
drops for newborns [1, 2]. Some of its complexes
display remarkable antimicrobial activities [3, 4]. The
metallothioneins, a class of small proteins believed to be
responsible for heavy-metal detoxification in mammals,
exhibit very high affinity for Ag(I) [5–7]. The silver(I)
ion binds relatively strongly to peptides and proteins;
collision-induced dissociation of these complexes in the
gas phase yields abundant Ag(I)-bound product ions
[8].
We report in this article the first measurement of the
relative gas-phase silver(I) ion binding energies of 19
essential a-amino acids. Measurements of gas-phase
binding energies, especially affinities, of biological li-
gands for small ions, including protons [9–23], alkali-
metal ions [24], and recently Cu(I) [25], are often made
with the desire to know the fundamental, intrinsic
binding in the absence of water—an environment
which approximates that in the interior of proteins. The
kinetic method, developed by Cooks and co-workers
[26–30], is a particularly effective method for measuring
relative ion binding energies of amino acids and pep-
tides because it does not require generating a popula-
tion of nonvolatile neutral ligands in the gas phase. It is
based on measuring the logarithm of the relative abun-
dance of the product ions arising from the dissociation
of an ion-bound heterodimer of the ligands, which is
proportional to the logarithm of the relative rate of
dissociation of the two reaction channels, to estimate
the relative binding energies of the two ligands for
the ion:
@Bi---M---B]
1áB 1 BiM
1 ~rate constant 5 ki!
áBi 1 BM
1 (rate constant 5 k)
where M is the central ion, Bi is a reference base whose
binding energy to M is known, and B is the unknown
base whose binding energy is being measured. Accord-
Address reprint requests to Dr. K. W. Michael Siu, Department of Chemis-
try, York University, 4700 Keele Street, Toronto, Ontario, Canada M3J 1P3.
E-mail: kwmsiu@yorku.ca
* Department of Biology and Chemistry, City University of Hong Kong,
Kowloon, Hong Kong
† Also with the Ottawa–Carleton Chemistry Institute, Carleton University,
Ottawa, Ontario, Canada K1S 5B6.
© 1998 American Society for Mass Spectrometry. Published by Elsevier Science Inc. Received January 7, 1998
1044-0305/98/$19.00 Revised March 23, 1998
PII S1044-0305(98)00051-8 Accepted March 23, 1998
ing to the transition state theory [31], the rate constants
may be expressed as
ki 5 ~RTeffQ*i/hQi! exp @2«0~i!/RTeff#
k 5 ~RTeffQ*/hQ! exp @2«0/RTeff#
R is the gas constant, Teff is a parameter in temperature
units that reflects the internal energy of the dissociating
heterodimer, Q* is the partition function of the acti-
vated complex, Q is the partition function of the het-
erodimer, «0 is the activation energy, and h is the Planck
constant. Because the same ion-bound heterodimer is
involved, Qi 5 Q
ln~ki/k! 5 ln~Q*i/Q*! 1 @«0 2 «0~i!#/RTeff
Assuming that abundances reflect rate constants and
that no reverse activation barriers exist [22, 23, 26, 30],
ln([BiM]
1/[BM]1) 5 ln~Q*i/Q*! 2 DH °M/RTeff
1 DH °M~i!/RTeff
where DH °M is the DH of the dissociation reaction BM
1
á B1M1 or the metal ion affinity of B. If Bi and B are
structurally similar, Q*i ' Q*
ln([BiM]
1/[BM]1) < @DH °M~i! 2 DH °M#/RTeff
A plot of ln([BiM]
1/[BM]1) versus DH °M(i) for a series
of reference bases, Bi’s, would be linear with a slope 5
1/RTeff and an intercept/slope 5 2DH °M. This ap-
proach forms the basis of many proton affinity mea-
surements and their results are typically in good agree-
ment with those measured using more accurate,
conventional methods [14, 15, 30].
It is not always possible to find reference bases that
are structurally similar to the unknown. If the bases are
not similar, i.e., Q*i Þ Q*, but no reverse activation
barriers exist, ln(Q*i/Q*) 5 2DDS°M/R [15, 22, 23],
where DS°M is the entropy change of the reaction
BM1 á B1M1.
ln([BiM]
1/[BM]1) < 2DDS°M/R 1 DDH °M/RTeff
ln([BiM]
1/[BM]1) < DDG°M/RTeff
That is to say, a plot of ln([BiM]
1/[BM]1) versus
DG°M(i) for a series of Bi’s would be linear with a slope
5 1/RTeff and an intercept/slope 5 2DG°M [15, 29, 32].
Fenselau and co-workers [15, 22], and Cerda and
Wesdemiotis [23] provided a different perspective: if
the reference bases are not structurally similar to the
unknown, but are structurally similar among them-
selves, and no reverse activation barriers exist, a plot of
ln([BiM]
1/[BM]1) versus DH °M(i) for the Bi’s would
also be linear with a slope 5 1/RTeff, the intercept,
however, now equals ln(Q*i/Q*) 2 DH °M/RTeff. If
measurements are made at several collision energies
(different Teff’s), a plot of the intercepts [i.e., ln(Q*i/Q*)
2 DH °M/RTeff] versus 1/RTeff would be linear with a
slope 5 2DH °M and an intercept 5 ln(Q*i/Q*). Because
ln~Q*i/Q*! 5 2DDS°M/R 5 @DS°M 2 DS°M~i!#/R
Not only can the DH °M be measured, but the DS°M, the
entropy change of the demetallation reaction, can also
be calculated from known DS°M(i)’s.
For the measurement of silver(I) binding energies,
very few DH °Ag values are known and they are all for
simple ligands [33, 34]. The kinetic method, however,
can still be used to estimate the relative Ag1 binding
strength of a-amino acids by measuring the dissociation
of a silver(I)-containing heterodimer of the a-amino
acids. [This is identical to the approach of Cerda and
Wesdemiotis [25] for the determination of Cu(I) binding
energies of a-amino acids.] Since the a-amino acids all
contain different sidechains, most of which bear func-
tional groups that can participate in metal ion binding,
their metal ion-binding chemistry is rich and it is
debatable if they are structurally and chemically similar
for the purpose of the kinetic method [22, 23, 30]. For
this reason, the relative silver(I) binding energies mea-
sured are more accurately described as relative silver(I)
basicities or DDG°Ag’s. We will show later on that the
DDS°M’s for the majority of the a-amino acids are ' 0.
That is to say, for the majority of the a-amino acids,
DDG°Ag ' DDH °Ag.
In this study, we produced gas-phase Ag(I)-bound
heterodimers of a-amino acids by electrospraying a
solution containing Ag(I) and the two constituent
a-amino acids. The relative abundances of the silver(I)-
bound monomer fragment ions were then measured to
give a relative silver(I) binding energy scale of the
a-amino acids.
Experimental
Experiments were conducted on an atmospheric pres-
sure ionization mass spectrometer of triple quadrupole
(QqQ) design (TAGA 6000E, SCIEX, Concord, Ontario,
Canada). The electrospray probe was fabricated from an
approximately 3-cm-long, 33-gauge stainless steel tube
(Hamilton, ; 100 mm i.d.) that had been attached to a
length of 1/16-in.-o.d. stainless steel tube with epoxy
glue. The probe tip was electropolished prior to use.
The optimum probe position was established from time
to time, but was typically with the tip about 1–2 cm
from the interface plate and with the spray off-axis from
the orifice. Biasing of the probe tip was achieved via a
50 MV current-limiting resistor in series with a high-
voltage power supply (Tennelec, Model TC 950) set
typically between 2.5 and 3.5 kV. The electrospray
current was monitored via a custom-built microamme-
ter that could be floated above ground.
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Gas-phase silver(I)-bound heterodimers of a-amino
acids were generated by means of electrospraying
50/50 water/methanol solutions containing a binary
mixture of a-amino acids, 1 mM each, and 2 mM of
silver(I) nitrate. Altogether, 52 different Ag(I)-bound
dimers of 19 constituent a-amino acids were examined;
the only common a-amino acid that was omitted was
cysteine, which precipitates with Ag1 [35]. To measure
the relative abundance of the Ag(I)-bound monomer
fragment ions, the Ag(I)-bound heterodimer ion was
mass selected in the first quadrupole (Q1), fragmented
in q2 via collision with Ar (Ecenter-of-mass (Ecm) 5 3.57 eV;
collision gas thickness 5 0.5 3 1014 atoms cm22 [36]),
and the product ions mass analyzed in Q3 with a dwell
time of 10–50 ms per mass-to-charge ratio unit. The Teff
of the dissociating silver(I)-bound heterodimers was
estimated from that of dissociating proton-bound het-
erodimers measured at the same time and under iden-
tical conditions.
Results and Discussion
Because the kinetic method is mostly practiced on
sector instruments, a preliminary investigation was
carried out to ascertain that it may be used on our triple
quadrupole mass spectrometer. The exercise involved
measuring the proton affinities and basicities of leucine,
histidine, and lysine using both the original Cooks’
procedure [26, 29, 30] as well as Fenselau’s modification
[22, 23]. The reference bases chosen for leucine were
alanine, valine, serine, threonine, and methionine,
whereas those for histidine and lysine were trimethyl-
amine, triethylamine, tripropylamine, and tribu-
tylamine. Table 1 lists their recently evaluated proton
affinities (PAs), basicities (GBs) and DS°H’s [37, 38]. The
fact that the reference bases are all amino acids or
tertiary amines and they have similar DS°H’s satisfied
the requirement of structural similarity among the
reference bases for an application of Fenselau’s modifi-
cation. The measurements were carried out under five
collision energies: Ecm 5 1.80, 2.50, 3.00, 3.75, and 4.20
eV. For leucine, the proton affinities and basicities
measured using the original Cooks’ procedure were
independent of collision energy. For histidine and ly-
sine, these values were found to decrease with increas-
ing collision energy. This effect had been attributed to
differences in entropies between the binding of the
reference base and that of lysine or histidine [15]. With
Fenselau’s modification, accurate proton affinities and
basicities were obtained; these are tabulated in Table 2,
along with those of the Cooks’ method and the evalu-
ated values [37, 38]. It is evident that accurate measure-
ments of thermochemical data may be performed using
the kinetic method with our triple quadrupole instru-
ment.
Having satisfied ourselves that the method per-
formed satisfactorily, we then proceeded to the mea-
surement of silver(I) binding energies of the a-amino
acids. Six representative product ion spectra are shown
in Figure 1. The product ion spectra are simple and
comprise silver(I)-bound amino acids as fragment ions.
This condition was almost always met throughout this
Table 1. Reference bases (Bi’s) for leucine, histidine, and lysine
Bi (Leu) Ala Val Ser Thr Met
PAa (kcal/mol) 215.5 217.6 218.6 220.6 223.2
GBa (kcal/mol) 207.4 209.5 210.5 212.5 215.5
DS°H (cal/K mol) 27.18 27.18 27.18 27.18 25.84
Bi (His and Lys) N(Me)3 N(Et)3 N(Pr)3 N(Bu)3
PAa (kcal/mol) 226.8 234.7 237.1 238.6
GBa (kcal/mol) 219.4 227.3 229.7 231.1
DS°H (cal/K mol) 24.83 24.83 24.83 25.17
a[37] and [38].
Table 2. PAs, GBs, and DS°H’s of leucine, histidine, and lysine
a
B
Cooks’ Fenselau’s Reference
PAb GBb PA DS°H
c GBd PAe GBe
Leucine 219.2 6 0.1 211.1 6 0.1 219.2 27.20 211.1 218.6 210.5
Histidine 228.2 6 0.8 220.8 6 0.8 236.6 34.27 226.4 236.1 226.8
Lysine 227.4 6 0.9 220.0 6 0.9 238.1 38.77 226.6 238.0 227.3
aAll PAs and GBs in kcal/mol; all DS°H’s in cal/K mol.
bAverage of 5 Ecm’s; uncertainty of one standard deviation.
cDS°H 5 DS°H(i) 2 DDS°H.
dGB 5 PA 2TDS°H.
e[37] and [38].
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study, which satisfied the requirement of relatively
weak ion–ligand bond. When other fragment ions were
present, their total abundance was always ,5% of the
total abundance of the two Ag(I)-amino acid product
ions (the only exception being the dissociation of the
dimer ion, [lysine–Ag–arginine]1). It is apparent by
means of simple inspection that the silver(I) ion binding
energy of alanine is higher than that of glycine, serine
higher than aspartic acid, proline higher than glutamic
acid, etc.
Figure 2 shows a silver(I) ion-binding ladder of the
a-amino acids constructed from results of the 52 pairs of
amino acids that were examined. It is evident that the
ln(k1/k2) values measured are internally consistent for
all pairs with the exception of those involving histidine
and lysine. For example, (a) ln(k1/k2) for the tyrosine/
serine pair is 3.40, which is comparable to the value
obtained by summing the values of six amino acid
pairs, i.e., 0.7610.0510.2511.6710.7610.04 5 3.53 or
(b) that for the serine/alanine pair is 0.98, a value
comparable to that obtained by summing five amino
acid pairs, 0.6310.0510.1510.1110.04 5 0.98. Most
differences are no larger than 0.2 with the exception of
those involving histidine and lysine. For example, (a)
ln(k1/k2) for the glutamine/histidine pair is found to be
3.08, a value that is very different from summing three
sequential values 1.4310.9012.39 5 4.72, and (b) ln(k1/
k2) for the lysine/tryptophan pair is 3.63, whereas that
from the sum of two amino acid pairs, 2.3910.32 5 2.71.
As a result of these inconsistency, all measurements
involving histidine and lysine were judged to be less
reliable and they are indicated as such by means of
dashed lines. As others have pointed out [12, 15–19], the
discrepancies indicate that the dissociation of Ag–his-
tidine and Ag–lysine complex may be associated with
entropic changes that are different from those of the
other amino acids. Arginine has a silver(I) ion binding
energy much higher than that of the next higher amino
acid, lysine; in this article, we are reporting only a lower
limit for arginine.
To report relative silver(I) ion binding energies of the
a-amino acids in units of kcal/mol, the effective tem-
perature, Teff, of the dissociating silver(I) ion-bound
dimers needs to be estimated. Here, as in previous
studies [24, 25, 39, 40], we assume that the effective
temperature of dissociating proton-bound dimers mea-
sured along with the silver(I) ion-bound dimers to be a
good estimate of the effective temperature of the silver-
containing complexes. Table 3 shows the relative sil-
ver(I) ion binding energies measured for the 19 a-amino
acids; the uncertainties show one standard deviation of
five measurements with Teff 5 902 6 26 K. It is apparent
that quite a few pairs of amino acids have comparable
silver(I) ion binding energies, e.g., valine and leucine,
aspartic acid and serine, threonine and glutamic acid,
and phenylalanine and tyrosine.
Table 3 also lists the relative copper(I) ion affinities
[25] and relative proton basicities of the a-amino acids
Figure 1. Product ion spectra of Ag(I)-bound heterodimers of a-amino acids.
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[37, 38]. Overall, the ranges of energies decrease from
the proton to silver(I) and to copper(I). The correlation
between Ag(I) ion binding and Cu(I) ion binding is
shown in Figure 3. The full line is the best fit among the
data points (r2 5 0.930), whereas the dashed line
shows a one-to-one correspondence of the energies. For
a-amino acids that contain alkyl sidechains, such as
valine, leucine and isoleucine, their relative silver(I) ion
binding energies are smaller than their corresponding
copper(I) ion binding energies. This observation is in
accordance with the longer Ag(I)–N bond relative to the
Cu(I)–N bond, which makes the inductive effect of the
alkyl sidechain less effective for the silver-containing
complexes [41–44]. For the two amino acids that contain
carboxylate sidechains, aspartic and glutamic acid, their
relative silver(I) ion binding energies are also smaller
than their corresponding copper(I) ion binding ener-
gies; the silver(I) ion is a softer Lewis acid than the
copper(I) ion, and hence will bind less strongly to hard
bases, such as the oxygen sites on the sidechain carbox-
ylic group [45–47]. For amino acids that contain nitro-
gen-bearing sidechains, i.e., histidine, tryptophan, glu-
tamine, and asparagine; aromatic sidechains, i.e.,
tryptophan, tyrosine, and phenylalanine; and sulfur-
bearing sidechain, i.e., methionine; their relative sil-
ver(I) ion binding energies are larger than their corre-
sponding copper(I) ion binding energies. This effect is
likely due to more favorable binding because of Ag(I)’s
larger size [41–44] and softer properties relative to Cu(I)
[45–47].
Figure 4 shows the correlation between relative
silver(I) ion binding energies and relative proton basic-
ities. Relative to that in Figure 3, the degree of correla-
tion exhibited in Figure 4 (r2 5 0.897) is poorer. The
amino acids that show disproportionally large relative
Ag(I) binding versus relative proton binding are tryp-
tophan, methionine, phenylalanine, tyrosine, aspara-
gine, and glutamine; the sidechains of these amino acids
interact much more strongly with the silver(I) ion than
with the proton [34, 49 –52]. Those amino acids that
exhibit disproportionally small relative Ag(I) binding
in comparison to relative proton binding are valine,
leucine, isoleucine, serine, and threonine; valine,
leucine, and isoleucine have alkyl sidechains that
better stabilize the shorter proton–nitrogen bond than
the longer silver–nitrogen bond; serine and threonine
have hydroxyl-containing sidechains that interact
more strongly with the harder proton than with the
softer silver(I) ion.
In spite of the assumptions and potential inaccuracy
of the kinetic method, the internal consistency dis-
played in the laddering of the amino acids for silver(I)
binding, and the good correlations exhibited in the
comparisons with copper(I) ion and proton binding,
show that the method provides, at the very least, useful
approximations of binding energies, especially for non-
volatile bases or ligands where no alternative method
exists. A recent high-level ab initio study showed that
the amino acids glycine, serine, and cysteine bind the
copper(I) ion via di- and even tricoordination [48].
The copper(I) ion is bound to the amino nitrogen, the
carbonyl oxygen, and for serine and cysteine, the
oxygen and sulfur on the sidechain. In other words,
Figure 2. Silver(I) ion-binding ladder of the a-amino acids.
Table 3. Relative binding energies (kcal/mol) of a-amino acids
to silver(I), copper(I), and the proton
Amino acid DDG°Ag
a DDH °Cu
b DGBc
Gly (G) 0.0 0.0 0.0
Ala (A) 1.4 6 0.0 1.7 3.7
Val (V) 2.4 6 0.2 3.7 5.8
Leu (L) 2.5 6 0.1 4.1 6.8
Ile (I) 2.8 6 0.0 4.3 7.6
Asp (D) 3.0 6 0.2 5.0 5.4
Ser (S) 3.2 6 0.4 3.1 6.8
Thr (T) 4.6 6 0.1 4.6 8.8
Glu (E) 4.6 6 0.1 7.2 6.4
Pro (P) 5.0 6 0.1 4.8 8.1
Asn (N) 8.3 6 0.3 6.7 9.4
Phe (F) 9.5 6 0.3 8.0 8.8
Tyr (Y) 9.6 6 0.1 8.3 9.6
Gln (Q) 10.7 6 0.2 9.8 11.4
Met (M) 13.1 6 0.1 10.4 11.8
Trp (W) 14.5 6 0.2 11.5 15.0
His (H) 18.0 6 1.0 13.3 23.1
Lys (K) 19.8 6 1.2 .13.3 23.6
Arg (R) .26.8 .13.3 36.9
aDDG°Ag ' DDH °Ag except for His, Lys, and Arg; uncertainties show
standard deviations of 5 measurements; Teff 5 902 6 26 K.
b[25].
c[37] and [38].
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the metal ion interacts with the two termini as well as
the sidechain of the amino acid. Assuming first that
the binding of amino acids to silver(I) is similar to
that to copper(I), and second that the nature of the
binding is the same irrespective of whether one or
two amino acids are involved, it may be speculated
that the binding of silver(I) to the amino acids in the
heterodimer may not be all that different from the
copper binding described above. It may be reasoned
that, given the structural differences among the
amino acids (the sidechains are different), the relative
entropy changes of demetallation (DDS°Ag) among the
amino acids may be significant for certain pairs. This
is certainly correct for pairs involving histidine and
lysine (vide supra).
As pointed out in an earlier section, the relative
silver(I) binding energies measured are more accurately
described as relative silver(I) ion basicities rather than
affinities because of the structural differences among
the amino acids. The relative silver(I) ion basicities
measured would be those at an ion temperature that is
unknown and, therefore, undefined. As it turns out, the
internal consistency displayed in the laddering of the
silver(I) ion basicities of 16 out of 18 amino acids (the
exceptions being histidine and lysine) strongly suggest
that DDS°Ag among the 16 amino acids is approximately
zero. Because DDG°Ag 5 DDH °Ag 1 T DDS°Ag, DDG°Ag '
DDH °Ag for 16 a-amino acids. That is to say, the relative
silver(I) binding energies displayed in Table 1 may be
defined as either basicities or affinities for the first 16
amino acids (from glycine to tryptophan). For histidine
and lysine, the values are more appropriately described
as relative silver(I) basicities of an undefined tempera-
ture.
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